Leaf protein concentrate of edible fern Diplazium esculentum was extracted using sonication and non-sonication methods and its functional properties were evaluated. The leaf protein concentrate contained 34.28 and 9.89% protein for sonicated and non-sonicated extractions, respectively. Sonication yielded (36.36%) better emulsion activity over non-sonication (31.10%). Foaming capacity was also found better in sonication (7.27%) over non-sonication (6.99%), and oil absorption capacity also improved in sonication (7.55 g of oil/g) over its counterpart (7.41 g of oil/g). Contact angle experiments with the leaf protein concentrate evidenced the enhancement of more hydrophilicity of the sonicated sample. Thermal properties of the leaf protein concentrate with sonication evidenced more stability (55.58 and 95.95°C) over the non-sonicated (46.75 and 75.60°C). Fourier transform infrared spectral analysis with the leaf protein concentrate of Diplazium esculentum was used to assess the secondary structural data such as α-helix and β-sheets. The various percentages of secondary structures of protein in sonicated and non-sonicated samples were 49.06 and 69.16% for α-helix, 33.59% and 17.02% for β-sheet and 42.02 and 35.68% for turn, respectively. The results of the present investigation showed credible evidence to support that sonication method of extraction of leaf protein concentrate was better in terms of protein yield and functional properties as compared to the non-sonication. The sonicated extracted leaf protein concentrate has the potential for developing value added products.
Introduction
Green leafy vegetables are acknowledged to be the cheapest and the most potential source of protein because of its capability to form amino acid from readily available sources of primary material such as sunlight, carbon dioxide, and atmospheric nitrogen. [1] [2] [3] Leafy vegetables are reported to be rich sources of proteins (20-30%), minerals (micro and macro) and vitamins. [3] [4] [5] Diplazium esculentum, is perhaps the most edible fern throughout Asia and Oceania. [6] In Assam it is known as Dhekia, in Bengal Dhenkir shaak, and Linguda in Northern India, which also refers to the curled fronds. It is well-established that proteins are important biomolecules required for the sustenance of health, but unfortunately it is deprived in the diets of the people of the developing countries. [1] Currently, it has been recognized in the developing world that there is a serious gap between the demand and supply of food. Today, research has been focused in narrowing this gap by introducing lesser known edible plant that can uplift the nutritional security of underprivileged people. [7] In Northeast India and particularly in Assam, the socio-economic and nutritional status are not very satisfactory, compared to the national standards. [8] Moreover, due to the lack of scientific knowledge, this green leafy vegetable is mostly wasted and is a great loss in terms of food security and nutrition. The aim of this study was to extract leaf protein concentrate (LPC) from Diplazium esculentum following sonication and non-sonication extraction procedures and to compare its functional, thermal, and structural properties.
Materials and Methods
Diplazium esculentum was procured from the local markets of Tezpur, Sonitpur district of Assam, India and thereafter brought to laboratory where the vegetable stalks were removed and the leaves were thoroughly washed with tap water followed by rinsing with distilled water. The leaves were allowed to drain the excess amount of water. Thereafter, it was used for extraction of LPC and the functional, thermal, and structural properties were studied.
LPC Production
The leaves were washed, weighed, and pulped in Posho mill, followed by pressing using a screwpress [9] and illustrated in Fig. 1 . The extracted leaf juice was heated in batches at 80-90°C for about 10 min to coagulate and pasteurize the leaf protein. The protein coagulum obtained was separated by filtering through pillow cases followed by pressing with a screw-press. [10] The LPC was washed with water and repressed. The product was oven-dried at 40°C and pulverized thereafter. The same procedure was applied with slight modification for ultrasonic extraction.
Determination of Total Protein Content
The nitrogen content was determined by micro-Kjeldahl method [11] using Kjeldahl apparatus (Model Kel plus-kes, 201, Pelican Equipment, Chennai, India). The percentage of nitrogen was converted to crude protein by multiplying with a factor of 6.25. Figure 1 . Flowchart of leaf protein concentrate (LPC) production by A: sonicated and B: non-sonicated Fellows [9] methods.
Water Absorption Capacity (WAC)
The WAC was determined according to the method of Rodriguez et al., [12] with some modifications. A sample (1.0 g) was dissolved in 10 mL distilled water and after mixing, it was allowed to stand for 30 min and protein was centrifuged at 3000 rpm for 20 min. The supernatant was decanted and weighed the amount of sediment present in tubes. The WAC (g of water/g of LPC) was calculated by using the following formula:
where W 0 = weight of the dry sample (g), W 1 ¼ weight of the tube + dry sample (g), and W 2 ¼ weight of the tube + sediment (g)
Oil Absorption Capacity (OAC)
Using the method of Linn et al., [13] a sample (1.0 g) was taken in a pre-weighed centrifuge tube and thoroughly mixed with 5 mL of sunflower oil. [47] [48] [49] [50] The mixture was then centrifuged at 3000 rpm for 30 min at 25°C. The supernatant was removed and tubes were weighed. The OAC (g of oil per g of protein) was calculated as follows:
where F 0 = weight of the dry sample (g), F 1 = weight of the tube + dry sample (g), and F 2 = weight of the tube + sediment (g).
Emulsifying Properties
Emulsifying activity and stability were determined as described by Pedroche et al., [14] with slight modification where 1.0 g sample was added with 30 mL distilled water and homogenized at 10,000 rpm for 5 min. The protein solution was mixed with 30 mL of sunflower oil and homogenized at 10,000 rpm for 5 min. Finally, the emulsion was centrifuged at 2000 rpm for 5 min and emulsion activity was calculated as follows: Emulsion activity EA ð Þ% ¼ Height of the emulsion ð Þ ml Total volume of the mixture ð Þ ml Â 100
The emulsion stability (ES) was determined by heating of emulsion for 30 min at 85°C, [29, 51] followed by re-centrifugation at 3000 rpm for 10 min. The ES was expressed as follows:
Emulsion stability ðESÞ % ¼ Height of the remaining emulsion layer ð Þ ml Height of the emulsion layer ð Þ ml Â 100
Foaming Properties
The foaming capacity and stability were determined based on the methods described by Adebiyi and Aluko [15] with slight modification where 5.0 g sample was dispersed in 50 mL of distilled water. The solution was stirred at 10,000 rpm for 5 min and the blend was immediately transferred to a 100 mL measuring cylinder. The foaming capacity was expressed in volume percentage due to stirring.
Foaming stability was determined by measuring the foam volume after the standing condition of 30 min of storage. [29, 51] The foaming capacity and stability were calculated as follows:
Foaming capacity % ð Þ¼ Volume after homogenization À volume before homogenization ð Þ ml Volume before homogenization ð Þ ml Â100
Foaming stability % ð Þ¼ Volume after standing À Volume before homogenization ð Þ ml Volume before homogenization ð Þ ml Â100
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA)
Thermal denaturation of LPC (from Diplazium esculentum) was performed in (DSC-60 Thermal Analyzer Shimadzu, Japan), according to the methods of Guerrero et al., [16] with some modification. Sample (2 mg) was weighed into aluminum pans and heated from 30-200°C at a rate of 10°C/min. The denaturation temperature (T d ), and enthalpy (ðΔHÞwere measured from thermograms by TA-60WS software (Shimadzu). Thermal stability was studied using thermogravimetric analyzer (TGA, Perkin Elmer STA 6000, USA). TGA measurements were performed in the range 50-900°C with nitrogen atmosphere (nitrogen flow rate of 20 mL/min) using heating rate of 20°C min
Contact Angle
Static contact angle measurements were carried out using the sessile drop technique on gradients formed on flat silicon wafers. A small droplet (approximately 100 µL) of high-purity Milli-Q water (supplied by Elga UHQ water system), was deposited on a given position of the surface using a motorized syringe. The silhouette of the droplet was captured and imaged with a progressive scan CCD (Charge Couple Device) camera attached in the contact angle measurement set up (Kruss easydrop, OCA 15EC). The contact angle was determined by drawing a tangent close to the edge of the droplet at the three-phase point (using Image J software, Drop-Snake). Experiments were conducted at 22°C in a class-100 clean room.
Fourier Transform Infrared (FTIR) Spectroscopy
LPC was grounded with KBr at a ratio (1:100) and was pressed at a high pressure into KBr pellet. The spectral analysis was carried out using a FTIR spectrometer (Model-100 Perkin Elmer Spectrum, USA). The FTIR spectra of the sample were recorded in the range of 4000-400 cm −1 region at room temperature.
Results and Discussion

Total Protein Content
The total protein content of LPC of Diplazium esculentum extracted through sonication and nonsonication was found to be 34.28 and 9.89%, respectively ( Table 1 ). The enhancement in extractability of protein yield for sonicated extraction might be attributed to the propagation of ultrasonic pressure resulting in cavitation phenomena. The energy released during the collapse of cavitation bubbles might have promoted higher penetration of the solvent into the cellular material which, in turn, improved the mass transfer to and from the interfaces. [17] [18] [19] 
WAC
The ability of a protein matrix, such as protein particles, protein gels, or muscle, to imbibe and retain water against gravity is known as water holding capacity (WHC). In food systems, interactions with water and proteins are very important because it affects the flavor and texture of foods. [20] WAC is dependent on various parameters such as size, configuration, conformational characteristics, hydrophobic and hydrophilic balance of the protein. [21] WHC is an important processing parameter and has implications for viscosity, bulking, and consistency of products, as well as in baking applications. The WAC was found to be 8.36 and 7.65g water/g of protein concentrate for sonicated and non-sonicated LPC of Diplazium esculentum, respectively, and results (Table 1) are comparatively higher than [22, 23] Arthropteris orientalis (2.39 g water/g of protein concentrate), Nephrolepis biserrata (2.13 g water/g protein), and Kappaphycus alvarezii (Doty) an edible seaweed (2.22 g water/g of protein). According to Kinsella, [24] an increase in the WHC is because of the ability of a protein to isolate, swell, and unfold, and thereby exposing additional binding sites, whereas the carbohydrate and other components of the protein concentrate may impair it. [25] The pH of a system influences the WAC considerably due to changes in the surface charges of protein. When pH is altered from isoelectric point it results in increase of WAC by creating charge imbalance.
OAC
OAC was recorded to be 7.55 and 7.41 g of oil/g of protein with sonication and non-sonicated extraction, respectively ( Table 1) . The results of the present study are comparatively high [22] with two ferns viz. Arthropteris orientalis (2.93 mL/g of protein) and Nephrolepis biserrata (2.73 mL/g of protein). However, it was relatively lower [1, 5] to the chemical composition of common leafy vegetables and oil absoption capacity, in plants viz. Vernonia amygdalina, Solanum africana, Amaranthus hybridus, Telfaria occidentalis, Talinum triangulare, and Amaranthus cruentus. The plausible reasons of the increase in OAC of the LPC extracted by sonication may be attributed to a decrease in droplet size which increased the percentage of adsorbed proteins with the ultrasound treatment [26] and it might have favored the adsorption of proteins and formation of aggregates. [27] Emulsion Activity and ES
The emulsion activity of sonicated and non-sonicated LPC of Diplazium esculentum was found to be 36.36 and 31.10%, respectively (Table 1) , and are comparable [1] with four plant species viz. Vernonia amygdalina, Solanum africana, Amaranthus hybridus, and Telfaria occidentalis, but higher than wheat flour. [28] The ES of the present study was recorded to be 30.0% for sonicated and 25.0% for non-sonicated LPC. The increase in the emulsion activity of the sonicated sample was due to the influence of turbulent behavior produced by the ultrasound that resulted in the aggregation of oil bubbles in the emulsion. [29] Overall, the results are comparatively lower than some common vegetables. [1] The present study revealed that LPC of Diplazium esculentum can be used as an alternative for the stabilization of emulsions.
Foaming Properties
Foams are formed because of rapid diffusion of molecules in the interface followed by the molecular rearrangement which allows these films to entrap air. [22] The foaming capacity of LPC of Diplazium esculentum was recorded 7.27 and 6.99% for sonicated and non-sonicated, respectively. The increase in foaming capacity might be ascribed to the homogenizing effect of ultrasound. [30] The foaming stability after 30 min was 5.21 and 4.26% for sonicated and non-sonicated, respectively (Table 1) , and the results are lower than the lima bean. [31] Hence, the LPC of Diplazium esculentum may not be a prudent choice for whipping products, cakes, etc., where foaming is an important characteristic. [24] Thermal Properties
DSC properties
The protein sample was heated from 30 to 200°C at a rate of 10°C/min. As illustrated in Fig. 2a , the LPC showed two observable denaturation temperatures at about 55.58 and 95.95°C for sonicated and 46.75 and 75.60°C for non-sonicated. The enthalpy change reflects the status of ordered confirmations of food proteins. [32] Therefore, the net enthalpy change (ΔH) indicates cumulative effects of endothermic events like breakdown of hydrogen bonds and exothermic phenomenon such as aggregation of food proteins. [33] The DSC of the present study revealed that the sonicated LPC shows more stability compared to nonsonicated, and is presumably afforded to prolonged sonication which increased the enthalpy of denaturation due to protein aggregation. [34] TGA properties The TGA of both sonicated and non-sonicated LPC are elucidated in Fig. 2b . The initial and final degradation temperatures were 173 and 167°C, and 318 and 315°C for sonicated and non-sonicated LPC, respectively. The decomposition temperature of LPC can be correlated with the TGA of soy protein whose initial and final decomposition temperatures were 260.86 (9.69% weight loss) and 356.68°C. [35] The percentage weight loss observed was 6% at temperatures between 167 to173°C, and can be attributed to the loss of moisture with the degradation of major protein component. [36] This observation clearly shows that sonicated LPC has higher thermal stability compared to the non-sonicated.
Contact angle measurements
Contact angle measurements revealed the surface hydrophilicity or hydrophobicity. The measured values of contact angles of the samples before and after sonication exhibited that both the angles were less than 90° (Fig. 3) which proved that the samples are hydrophilic in nature. It is emphasized that the system becomes conventionally hydrophilic, if the contact angle is less than 90°. [37] From the results it was noted that ultrasound increased the surface area which in turn increased the wettability and as a result there was increase in the other physicochemical behavior such as WHC and foaming property. [29] FTIR Analysis FTIR analysis was performed with and without sonication in LPC of Diplazium esculentum and the measurements was recorded between 4000 to 400 cm −1
. Determination of secondary structure of protein is one of the major applications of the FTIR methods. [38] The IR spectral bands are assigned and described in Table 2 . Proteins are generally known to have different fraction of structural components (α-helix, β-sheet, random coil, etc.); however, the secondary structural composition is most important information for the Table 2 showed the bands at 2995, 2990, 2864, and 2866 cm −1 , which could be due to CH 2 and CH 3 asymmetric stretching and are found in aliphatic side chain of the protein. The five major peaks at 1654, 1637, 1525, 1565, 1292, and 1655, 1636, 1522, 1554, 1288 cm −1 are assigned to be as amide I, amide II, and amide III, [38] respectively, that are found both in the sonicated and non-sonicated LPC. These three peaks correspond to C=O stretching, C-N stretching, NH-bending and CH 3 bending vibration of the protein. Similar bands were also reported in soy protein using aqueous extraction methods. [39] The bands at 1350, 1391, 1637, 1655, and 1714 cm −1 for sonicated LPC has shifted to 1349, 1390, 1636, 1654, and 1714 cm −1 for non-sonicated LPC and there was no major difference in their position. Apart from that, the bands at 890, 1090, 1184, 1292, 1434, 1484, 1525, 2866, and 2995 cm −1 for sonicated LPC had shifted to lower frequency of 883, 1087, 1180, 1288, 1427, 1479, 1422, 2864, and 2990 cm −1 for non-sonicated LPC. The shifting might be due to out of plane/N-H bending, C-O stretch of α-anomer, OH and CO group stretching vibration, CN stretching, NH bending, and CH 2 -CH 3 asymmetric stretching of proteins. The results have the credence to support that, there was hydrostatic and electrostatic interactions in sonicated and non-sonicated LPC [40] and which affects the structure of the protein. The deconvoluted spectra of Diplazium esculentum protein concentrate using sonication and non-sonication methods are presented in Fig. 3a and 3b . In the present study, the spectral assignment and calculation have been performed by second derivative infrared spectra (peak fit method). The frequencies of seven bands in non-sonication shifted when LPC was extracted under sonication. The lower or higher wave numbers reflect the secondary structure of the protein, which may be attributed to the stronger interaction with alkali or aqueous medium of the protein molecule. This, in turn, increased the effects of H-bonds, and decreased the frequency of amide I band by shifting of bands, which affected the strong or weak H-bonds, easily formed between C=O and N-H stretch of amide I bands. If the shifting of bands takes place toward the higher side, the hydrogen bonds get weakened. [41] [42] [43] According to Byler [44] the bands at 1650-1660 cm −1 are assigned to α-helix. The bands at 1655, 1660 cm −1 and 1651, 1659 cm −1 were found in both the extraction methods. The shifting of higher wave numbers may be due to addition of H-bond formed in sonicated LPC. The frequency regions of 1610-1640 and 1670-1680 cm −1 have been assigned to β-sheet structure. [44] Three bands were observed ( Fig. 4a and 4b ) in both the extraction processes. In sonicated LPC of Diplazium esculentum the bands at 1622, 1640, 1677 cm −1 had shifted toward higher frequency than nonsonicated one. Increment in band intensity may be due to protein unfolding, which increased the protein-protein interaction. [45] Similarly, in turn a structure (1660-1700 cm
) band of sonicated LPC was also in higher frequency end compared to the non-sonicated. Interestingly, the bands at 1666 cm −1 did not change its position in both the extraction methods ( Fig. 4a and 4b ) and no unordered structure was found in both the cases, which may be due to changes in the H-bon. [46] Using second-derivative analysis of infrared-standard deviation (IR-SD) direct quantitative analysis of the secondary structure of the Diplazium esculentum proteins has been obtained. The areas assigned as amide I bands in second derivative spectra ( Fig. 4a and 4b ) correspond to the amount of different types of secondary structure in the protein. Quantitative analysis of secondary structure of protein is summarized in Table 3 . Comparison of the structure of LPC of Diplazium esculentum proteins extracted with non-sonicated and sonicated methods revealed that the percentage of α-helix decreased on sonication (49.06%) while the percentage of β-sheet (33.59%) and turn (42.02%) structures increased. The changes of secondary structure of Diplazium esculentum protein viz. α-helix, β-sheet, and turn might affect the structural conformation and functional properties of Diplazium esculentum protein. [43] Conclusion Sonication exhibited a considerable influence on extraction of protein content from Diplazium esculentum and various functional properties viz. WHC, oil holding capacity, foaming property, and emulsifying property. A deconvoluted FTIR graph revealed improvement in secondary structures, coupled with the enhancement in functional properties of sonicated LPC over non-sonicated. Contact angle experiments affirmed more increase in hydrophilicity of sonicated LPC compared to its counterpart. Thermal behavior of the sonicated extraction LPC proved better, compared to nonsonication. Results of the present investigation has credible evidence to support that sonicated extraction of LPC of Diplazium esculentum phenomenally improved the yield of protein content and functional and thermal behavior over its counterpart. 
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